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[1] The extratropical stratosphere–troposphere exchange (STE) of ozone from 2005 to
2010 is estimated by combining Microwave Limb Sounder ozone observations and
MERRA reanalysis meteorological fields in an established direct diagnostic framework.
The multiyear mean ozone STE is 275 Tg yr�1 and 214 Tg yr�1 in the Northern and
Southern Hemispheres, respectively. The year-to-year variability is greater in the Northern
Hemisphere, where the difference between the highest and the lowest annual flux is 15% of
the multiyear mean compared with 6% in the Southern Hemisphere. Variability of lower
stratospheric ozone and variability of the net mass flux both contribute to interannual
variability in the Northern Hemisphere ozone flux. The flux across the extratropical 380K
surface determines the amount of flux across the extratropical tropopause, and the greatest
seasonal variability of the 380K ozone flux occurs in the late winter/early spring, around
the time of greatest flux. Both the mass flux and the ozone mixing ratios on the 380K
surface show recurring spatial patterns, but interannual variability of these quantities and
their alignment contribute to the ozone flux variability. The spatial and temporal variability
are not well represented when zonal and/or monthly mean fields are used to calculate the
ozone STE, although this results in a small high bias of the seasonal amplitude and annual
magnitude. If the climatological variability over these 6 years is representative, the
estimated number of years required to detect a 2� 3% decade�1 trend in ozone STE using
this diagnostic is 35� 39 years.
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1. Introduction

[2] The magnitude and variability of upper tropospheric
and lower stratospheric (UTLS) ozone and the stratosphere
troposphere exchange (STE) of ozone are important to
understanding the atmosphere’s chemistry and climate. The
flux of ozone from the stratosphere is important to the
oxidizing capability of the troposphere [Levy, 1971]. Ozone
and other greenhouse gases in the UTLS contribute to the
radiative balance of the atmosphere [e.g., Haywood et al.,
1998]. The ultraviolet (UV) index, a measure of exposure
to potentially damaging solar UV radiation, is proportional
to the total column ozone [Madronich, 2007]. Because the
total column is computed as a mass-density-weighted verti-
cal integral, the UTLS ozone accounts for ~15–50% of the

column [e.g., Wellemeyer et al., 1997] and hence greatly
impacts the UV index.
[3] The amount of ozone in the extratropical lowermost

stratosphere between the tropopause and the 380K potential
temperature surface is controlled predominantly by transport
of ozone-rich air from higher altitudes and quasihorizontal mix-
ing of ozone-poor air from lower latitudes. Because the chemi-
cal lifetime of ozone in this region is much greater than the
transport time scales, the ozone will ultimately pass into the tro-
posphere through mixing or the downwelling branch of the
Brewer-Dobson circulation [Brewer, 1949; Dobson, 1956].
[4] The STE of ozone cannot be measured explicitly, and

many diagnostic methods have been used to estimate the net
global or hemispheric STE from model simulations and
observations. These methods range from direct calculations
primarily using simulated quantities to indirect methods that
use derived fields or empirical relationships. Direct methods
have been used with model output where the vertical profiles
of ozone are well resolved in the UTLS and are located on a
sufficiently dense regular grid. For instance, Clark et al.
[2007] use a variation of a diagnostic [Wei, 1987] that
employs the vertical velocity, tropopause information, and
ozone from a chemistry transport model (CTM) constrained
by MOZAIC aircraft observations of ozone [Marenco et al.,
1998]. As Wirth and Egger [1999] demonstrate, this
diagnostic approach has large uncertainties, insofar as the
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estimates are the small residual obtained when combining
large terms. Olsen et al. [2004] compared the net STE of
mass and ozone using a mass continuity diagnostic adapted
from Appenzeller et al. [1996] that convolved the mass flux
with CTM ozone output. Hsu et al. [2005] use a mass conti-
nuity approach at the model grid scale to evaluate the ozone
STE in a CTM simulation.
[5] Estimates of STE using observations of ozone have

been made with empirical diagnostic methods because
global observational data sets of ozone vertical profiles prior
to the launch of the Aura satellite in 2004 are relatively
sparse and/or fail to measure the profile in the UTLS. These
observational studies give best estimates of the global STE
of ozone between 450 and 550 Tg yr�1. Murphy and Fahey
[1994] and Olsen et al. [2001] used correlative measures of
nitrous oxide and ozone to estimate the flux of ozone to the
troposphere. Gettelman et al. [1997] directly calculated the
flux of ozone across the 50 hPa level using monthly zonal
mean fields of UARS-observed ozone and residual vertical
velocities derived from analyses. An empirical box model
was then used to estimate the cross-tropopause flux. Olsen
et al. [2003] estimated the net midlatitude ozone STE by
using trajectories combined with the correlation of total
column ozone from the Earth Probe Total Ozone Mapping
Spectrometer (EP-TOMS) and column potential vorticity.
[6] Climate models predict an increasing trend in the

Brewer-Dobson circulation over the next century. Butchart
et al. [2006] examine multiple models and simulations and
show that all models predict an increase in the tropical
upwelling, with a multimodel mean trend of 11 kt s�1 yr�1

(about 2% per decade) and a range in the predicted trend
of 0.1� 17.8 kt s�1 yr�1. Oman et al. [2009] show that the
large range in the predicted trends can be attributed to the
varying sea surface temperature boundary conditions used
by the models. An increase in ozone STE could occur from
both an increase in the Brewer-Dobson circulation and
decreases in ozone-depleting substances. Hegglin and
Shepherd [2009] demonstrate a predicted 1.8% per decade
trend in global ozone STE spanning 1965� 2095 and
2.6% per decade trend from 2000 to 2035 in a Chemistry
Climate Model simulation.
[7] The current magnitude and variability of ozone STE

must be known in order to understand the spatial and tempo-
ral measurement requirements needed to detect, quantify,
and attribute a trend in STE. Hsu and Prather [2009] exam-
ine CTM simulated variability of ozone STE and the impact
on tropospheric ozone. They find greater interannual ozone
STE variability in the Sothern Hemisphere (SH), with the
phase of the quasibiennial oscillation (QBO) causing 20%
and 45% of the variance in the Northern Hemisphere (NH)
and SH, respectively. However, the year-to-year variability
of ozone STE derived from observations of ozone rather
than from simulated ozone fields has not been investigated.
[8] In this study, we use Aura MLS ozone data within an

established direct diagnostic framework to evaluate STE
magnitude and variability over 6 complete years from 2005
through 2010. As noted above, several studies have used
averaged fields in estimating the ozone flux. In the present
study, we also show that the impact of using monthly and/
or zonally averaged ozone fields is likely negligible for long
time scale studies, such as trend analysis, but should be con-
sidered over shorter time scales. In the next section, we

describe the data and analyses and give details on the STE
diagnostic used in this study. The interannual and seasonal
variability of the ozone and mass STE are presented in sec-
tion 3 along with the analysis of the impact of using aver-
aged fields. We follow with a summary and discussion of
the results in the final section.

2. Data and Method

2.1. Data and Analyses

[9] Ozone mixing ratios from the Aura MLS v3.3 level 2
retrievals are used in the present study. The data are screened
as recommended by Livesey et al. [2011]. The vertical
resolution of the MLS v3.3 data is ~2.5 km in the lower strato-
sphere and contains usable data down to 261 hPa.
Measurements are reported along track at ~200 km resolution.
The longitudinal spacing between orbits is about 25� at mid-
dle latitudes. We increase the effective horizontal resolution
of the MLS data by using the trajectory mapping technique
of Schoeberl et al. [2007]. This method uses 2-day forward
and backward 3-D trajectories to map MLS profile data to a
regular 1.25� � 1� longitude� latitude grid. Currently, 6 com-
plete years from 2005 through 2010 have been processed us-
ing this technique, so our analysis is limited to this time frame.
In the case of missing data (generally 2 to 14 nonsequential
days per year), we interpolate the ozone data linearly in time.
[10] Both the trajectories and the mass fluxes are calculated

by using analyses from Modern Era Retrospective-Analyses
for Research and Applications (MERRA) produced by
the NASA Global Modeling and Analysis Office [Rienecker
et al., 2011]. The MERRA output is produced using the
GEOS-5 Assimilation System, in which the underlying
atmospheric model is the GEOS-5 General Circulation Model
(GCM) [Rienecker et al., 2008]. The analysis fields used for
the trajectory mapping and mass flux calculations are saved
on a 1.25� � 1.25� grid (degraded from the native model reso-
lution of 0.67� � 0.5�) with a vertical spacing of ~2� 2.5 km
in the lower stratospheric region of interest.

2.2. STE Diagnostic

[11] Appenzeller et al. [1996] used a mass conservation
approach to diagnose extratropical mass STE as the sum of
the flow into the lowermost stratosphere and the time rate
of change of mass in that region. The diagnostic was adapted
by Schoeberl [2004] to compute the mass flux using heating
rates on the 380K potential temperature surface upper
boundary rather than the residual vertical velocities on the
100 hPa surface. Olsen et al. [2004] first used this diagnostic
approach to estimate ozone STE with the output from a
CTM. We follow this method where the net extratropical
tropopause flux in each hemisphere is determined from the
rate of change in lowermost stratospheric mass (M, between
the tropopause and the 380K surface) and the diabatic flux
across the 380K surface (F380K),

Ftrop ¼ dM

dt
þ F380K : (1)

[12] We use daily average analyses of heating rates to
compute the 380K mass flux. We determine the ozone flux
by convolving the computed mass flux with the MLS ozone
mixing ratios at every grid point. We consider the flux only
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where the mass between the tropopause and 380K surface
exceeds 30 g cm�2 [Schoeberl, 2004; Olsen et al., 2004].
This definition dividing the tropics and extratropics approx-
imates the zero zonal mean heating rate line on the 380K
surface. Thus, the width of the tropics is more reasonable
compared with diagnostic approaches that consider the flux
poleward of the intersection of the dynamical (based on
potential vorticity) tropopause and the upper boundary.
[13] In the present work, we focus on the 380K ozone flux

rather than the tropopause flux as determined by the mass
balance of equation 1. The extratropical tropopause
frequently lies below 261 hPa, the lowest altitude of valid
MLS data. Therefore, the time rate of change of ozone mass
in the lowermost stratosphere cannot be accurately calcu-
lated. The magnitude of ozone flux across the tropopause
for any given year may be slightly different from the
380K ozone flux because the annually integrated time rate
of change of ozone mass is not necessarily zero. However,
the longer-term mean and the year-to-year variability of the
ozone STE are still well represented. We have similarly
calculated the 380K and tropopause flux using a Global
Modeling Initiative CTM [Strahan et al., 2007] simulation
driven by MERRA analyses over the same time period. With
the assumption that the lowermost stratospheric chemical
loss of ozone is negligible [i.e., Olsen et al., 2004], the
simulated 6 year mean annual tropopause flux of ozone is
less than 1% different from the mean 380K flux. For the
remainder of this article, any reference to simply the mass
or ozone flux will refer specifically to the flux across the
380K surface unless the tropopause is explicitly stated.

3. Results

[14] Conceptually, the ozone flux is the area-integrated
product of the mass flux and the ozone mixing ratio at the
flux surface. We consider these factors in the NH by
examining 6 year monthly mean values during February
(Figure 1). As we show below in this section, this month
is near the seasonal maxima of both ozone flux and year-
to-year variability. Figure 1a shows the February mean
ozone distribution on the 380K surface. The ozone mixing
ratios generally increase with latitude but become much
less zonally symmetric poleward of ~40�N. Zonal maxima
occur near 80�W and 130�E at about 60� N. The flux of
mass across 380K is greatest at midlatitudes (Figure 1b),
in contrast to the ozone distribution. Local maxima are seen
around 40�N in a zonal wave 4 pattern near 5�W, 90�W,
160�E, and 70�E.
[15] Figure 1c shows the February mean ozone flux calcu-

lated from the daily values of the ozone flux. Similar to the
mass flux, a large fraction of the net ozone flux occurs at
midlatitudes, although the ozone flux maxima occur farther
poleward as a result of the poleward increasing ozone distri-
bution. The pattern of ozone flux is notably dissimilar to the
ozone distribution. In particular, the two greatest ozone flux
maxima occur near 90�W and 170�E, whereas the contours
of ozone mixing ratio tend to be displaced off the pole over
the Asian continent. These results illustrate that the short-
time-scale ozone flux is sensitive to the zonal asymmetries
of the mass flux and ozone distribution and the spatial
orientation of the flux and distribution.

[16] The annual magnitudes of the extratropical ozone flux
for 2005 to 2010 are shown as solid lines in Figure 2. The
6 year net mean NH and SH extratropical flux is 489 Tg
yr�1, with 275 Tg yr�1 (56%) in the NH and 214 Tg yr�1

(44%) in the SH. These values are similar to results of
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Figure 1. February average daily (a) ozone distribution on
the 380K potential temperature surface, (b) net mass flux
across the 380K surface, and (c) net ozone flux across the
380K surface. The Northern Hemisphere is shown
beginning at 20�N, with latitude lines every 20�. Positive
flux values correspond to downward flux.
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previous studies that use ozone observations with empiri-
cally based approaches to determine the ozone STE.
Gettelman et al. [1997] used a similar mass flux diagnostic
to calculate the ozone flux at 50 hPa and empirically
extrapolate the results to 100 hPa as an estimate of the
STE. They arrived at a best estimate net NH and SH extra-
tropical flux of 510 Tg yr�1, with 57% in the NH. Olsen
et al. [2001] estimated that the net NH and SH extratropi-
cal flux of ozone is 550� 140 Tg yr�1, derived from
correlations of NOy and N2O. Olsen et al. [2003] used
the correlation of column ozone and column PV to
estimate the midlatitude (between 30� and 60� latitude)
tropopause flux of ozone to be 260 Tg yr�1 in the NH
and 210 Tg yr�1 in the SH.
[17] The annual values of ozone flux in Figure 2 show that

the year-to-year variability is greater in the NH than in the
SH. The difference between the highest and lowest annual
flux is about 15% of the multiyear mean in the NH compared
with about 6% of the mean in the SH. This contrasts with the
results of a CTM simulation by Hsu and Prather [2009],
who found that the interannual variability is greater in the
SH. The mass flux variability is similar in each hemisphere
in the present study, with the maximum�minimum differ-
ence being 8% of the mean in the NH and 7% of the mean
in the SH (Figure 2). Thus, the greater variability of ozone
STE in the NH must be due primarily to greater variability
of ozone in the NH lower stratosphere. The zonal asymme-
tries at 380K discussed relative to Figure 1 and the annual
flux values in Figure 2 demonstrate that there is not a simple
relationship between the ozone flux and the mass flux.

[18] The mean annual cycle of ozone and mass flux and
yearly anomalies are shown in Figure 3. We note that the
annual cycles agree well with the model results of Olsen
et al. [2004], although the NH minimum ozone flux occurs
about 1month sooner than in the simulation. The NH mass
flux minimum occurs at about the same time in both the
present results and the Olsen et al. simulation. Therefore, the
summertime minimum of the prior study’s simulated ozone
on the 380K surface occurs later than observed by MLS.
[19] The greatest year-to-year variability of the NH ozone

flux occurs in the late winter/early spring, from the begin-
ning of the year to about the end of March. This coincides
with the timing of the maximum flux and the period just after
the maximum. The interannual variability of the ozone flux
is least in the summer and early fall, following the summer-
time flux minimum. Figure 3 shows absolute differences
from the 6 year mean rather than percentage differences.
The largest differences from the 2005� 1010 mean occur
in winter and spring, but the percentage differences from
the mean are nearly constant throughout the year (not
shown). However, the greatest contribution to the differ-
ences in the annual flux comes from the large variability of
the absolute anomalies in the winter and spring.
[20] Olsen et al. [2004] estimated a residence time scale of

ozone in the lowermost stratosphere on the order of
100 days. They show that, consistent with this time scale
of transport from 380K to the tropopause, the ozone flux
across the tropopause is expected to be greatest in the spring
and early summer. In the present study, the net January to
March 380K ozone flux is greatest in 2006. This suggests
that the spring/summer tropopause ozone flux should be
greatest in 2006. Although the annual net 380K flux is the
same in 2006 and 2010, the seasonality of the flux varies.
The flux during the beginning of the year in 2010 was less
than that in 2006, but the 2010 flux was larger during the
latter half of the year. In fact, the 2010 flux remains greater
than the multiyear mean throughout the entire year.
[21] In the SH, the greatest variability in the ozone flux

occurs in the late fall/early winter (Figure 3). This is at and
before the maximum flux, contrasting with the NH. The
variability in the SH during the fall to spring is generally less
than that in the NH during these seasons.
[22] We next consider the mean cycles of mass flux and

yearly anomalies shown in Figure 3. The seasonal variability
of the mass flux in the SH is similar in magnitude and
seasonality to the NH. The mass and ozone flux cycles are
nearly in phase in the NH. In the SH, the mass flux maxi-
mum precedes the ozone flux maximum by about 1month.
In both hemispheres, the mass flux summer minimum is
not as broad as the ozone flux minimum. The mass flux
tends to increase more rapidly than the ozone flux for several
months following the minimum. At this time, the ozone
mixing ratios on the 380K surface are near their annual
minimum (not shown). The seasonal cycles shown here are
generally consistent with the CTM results of Olsen et al.
[2004]. However, in that simulation, the phase of the NH
mass flux led the ozone flux by about 1month, similar to
the SH. This contrast again illustrates that the previous
study’s simulated 380K ozone must differ from the
observed ozone, resulting in a phase shift of the ozone flux.
[23] The differences between mass and ozone flux vari-

ability seen in Figure 3 emphasizes that the ozone flux
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variability must be significantly influenced by other factors,
such as the amount of quasihorizontal transport in the lower
stratosphere. The NH year-to-year variability in the mass
flux over seasonal time scales is greatest in the winter and
early spring, similar to that of the ozone flux. However, this
winter/spring mass flux variability is not much greater than
the variability in the summer and fall seasons. Both the inter-
annual and interseasonal variance of the mass flux is not as
great as that of the ozone flux. Although the seasonal cycles
of mass and ozone flux are nearly in phase and exhibit
similar patterns of year-to-year seasonal variability, the rela-
tive magnitude of the mass flux for any particular season and
year does not necessarily indicate the relative magnitude of
the ozone flux. For example, the mass flux is greatest in
the winter/spring of 2006 and, likewise, the ozone flux is
also greatest at this time, implying that the greater mass flux
has a primary role in this instance of increased ozone flux.
However, during the same period in 2010, the mass
flux remains close to the multiyear mean, whereas the
magnitude of the ozone flux is second only to 2006. The
mean mixing ratio of ozone in the mass of air transported
across the 380K surface is relatively large at this time in
2010 compared with other years.
[24] The NH February mean 380K ozone mixing ratios

are shown for each year in Figure 4. There are considerable
year-to-year differences in both the magnitude and the
spatial distribution of ozone. However, the distribution
patterns in 2005, 2007, and 2008 are similar and clearly
dominate the multiyear average shown in Figure 1a. In these
years, the maximum hemispheric ozone value is greater, and
the distributions are more zonally symmetric over the polar

regions compared with the other years. These are the years
with the least amount of ozone flux in February (Figure 3).
In the other 3 years, the maximum ozone values are not as
large, and the ozone distributions are less zonally symmetric
with the pattern “pushed off the pole,” primarily over
western Asia and the eastern Pacific, indicating greater wave
activity. Although the hemispheric maximum ozone values
are actually less than those in 2005, 2007, and 2008, this
increased wave forcing contributes to an increased ozone
flux in two intertwined ways. First, the net mass flux is
increased through greater stratospheric meridional and
downward transport described by the “downward control”
principle [Haynes et al., 1991]. Second, the equatorward
transport displaces the ozone-rich polar air toward the
midlatitudes where the descending mass flux is greatest.
[25] The year-to-year spatial pattern of mass flux maxima

on the 380K surface does not deviate much from the multi-
year mean pattern shown in Figure 1b (year-to-year values
not shown). However, the relative magnitudes of the
maxima vary considerably. The February mean ozone flux
obtained by convolving the daily mass flux and ozone distri-
bution is shown for each year in Figure 5. As in the
multiyear mean (Figure 1c), most of the ozone flux occurs
at midlatitudes every year, regardless of the various ozone
distributions on the 380K surface. Like the 380K ozone
distribution, the spatial patterns of the ozone flux in 2005,
2007, and 2008 are similar. These years dominate the multi-
year mean, although the 6 years of observations examined
here are insufficient to generalize this pattern as climatology.
[26] The two midlatitude ozone flux maxima seen in the

multiyear mean over the western Pacific around 160� 180�E
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and over North America near 90�W are relatively consistent
preferred regions of ozone flux. The ozone flux in the western
Pacific region is usually greatest, although the flux in these
regions is highly variable.
[27] The spatial patterns of ozone flux in all 6 years have

some similar features. However, the 2 years of greatest
annual and February ozone flux, 2006 and 2010, exhibit
spatial patterns that are distinctly different. In 2006, the
maximum over North America is significantly greater than
any other year, and there is a significant maximum over

eastern Europe. The western Pacific maximum is shifted
much more eastward in 2010 compared with all other years.
The North American maximum is also greatly reduced in
magnitude, with a significant increase in flux over the
Atlantic in 2010. It is likely that these differences in 2006
and 2010, as well as the greater flux over Europe in 2009,
are a result of major stratospheric sudden warming events
that occurred in late January of those years.
[28] The seasonal variability and zonal asymmetry of the

ozone distribution and fluxes presented here suggest that
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the spatial and temporal resolution of the ozone and meteo-
rological fields used in calculating the STE is important to
consider. The resolution of these fields used in studies that
estimate ozone flux can vary significantly. For example,
previous studies using a form of the mass balance diagnostic
of ozone STE have employed various spatial and temporal
resolution ozone fields. Olsen et al. [2004] applied 3-D,
daily CTM ozone fields to calculate the STE. Gettelman

et al. [1997] and Hegglin and Shepherd [2009] used zonal,
monthly mean ozone from observations and model output,
respectively. Here, we investigate possible systematic differ-
ences from using averaged fields in order to provide context
for comparing the results of various studies. We compare the
STE estimates computed using daily 3-D fields of the current
study with estimates calculated using the same diagnostic
with zonal and/or monthly mean fields.
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[29] Estimates of STE have been calculated using ozone
and mass flux fields that have been averaged in three ways:
(1) using monthly mean fields, (2) using zonal mean fields,
and (3) using zonal monthly mean fields. The mass flux is
still calculated with the daily 3-D fields and before averag-
ing. In addition, we quantify the information gained by
increasing the effective horizontal resolution of the MLS
data using the trajectory mapping technique in this study.
For this, we use daily 3-D fields of ozone by linearly interpo-
lating each day’s MLS measurements to the 1.25� � 1�
longitude� latitude grid rather than using the trajectory
mapping technique.
[30] The results of the ozone flux calculated using the

different fields are listed in Table 1. We show the multiyear
mean February, August, and annual fluxes in the NH for
each case. February and August are chosen as representative
of periods with considerable and little interannual variability
of the ozone flux, respectively.
[31] Systematic biases exist using the averaged fields,

but the errors are small compared with uncertainties in
the ozone data and meteorological analyses. The mean
February fluxes are slightly overestimated in each case us-
ing mean fields in the computation of STE. The February
flux estimate using the monthly mean fields are about 4%
greater than that of the 3-D, daily-resolved fields. Like-
wise, the computations employing the zonal mean and
the zonal, monthly mean fields are about 5% and 6%
greater, respectively. The STE estimates using the mean
fields are consistently overestimated in every year during
all the winter/spring months (not shown), when the mass
flux and ozone distributions are most variable and zonally
asymmetric. The spatially and/or temporally averaged
fields fail to capture this variability in a manner that
results in a greater estimated flux.
[32] During August and other summer/fall months, the

mass flux and ozone distributions are less variable and more
zonally symmetric. The ozone flux computed using the aver-
aged fields during these months is nearly equal (~1% less) to
the 3-D, daily field estimate of flux. Consequently, the bias
introduced by using the mean fields is seasonally dependent
and results in a seasonal cycle magnitude that is too large.
[33] The calculated annual mean ozone flux is about the

same with any zonal and/or monthly mean fields. Given
the seasonal dependence of the relative differences, the
annual values are only slightly overestimated, by a little over
2%, compared with the net flux of 275 Tg obtained using the
fields without spatial and temporal averaging.
[34] The ozone flux estimated with the linear horizontal

interpolated ozone data is less than 1% different from that
calculated from the trajectory-mapped data over all months.

Thus, a simple interpolation of the data obtained from the
~15 orbits per day by MLS is sufficient to characterize the
spatial variability of the lower stratospheric ozone in the
calculation of the ozone flux. Smaller scale features that
are revealed by using trajectory mapping do not significantly
contribute to the ozone flux estimate.

4. Discussion and Conclusions

[35] We have used an established direct STE diagnostic
framework with observed ozone data from Aura MLS to
examine the magnitude and variability of the ozone flux
over 6 years. The mean annual ozone flux from 2005 to
2010 is estimated to be 275 Tg and 214 Tg in the NH and
SH, respectively.
[36] The magnitude of the annual ozone flux is much more

variable in the NH than in the SH. The difference between
the maximum and minimum annual flux is about 15% of
the mean in the NH and only about 6% in the SH. Most of
this variability in the annual flux across the 380K surface
occurs in the late winter/early spring in the NH and late
fall/early winter in the SH, near the time of maximum flux.
However, the seasonal cycle of ozone flux across the
380K surface remains relatively consistent. The temporal
separation of the yearly extremes is about 1month or less.
The timing of maximum and minimum flux across the tropo-
pause, rather than the 380K surface, could be more variable
from year to year. Olsen et al. [2004] show that the phase of
the seasonal cycle of ozone flux across the tropopause is
dominated by the seasonal transition of the mean extratropi-
cal tropopause height, similar to that of the mass flux
demonstrated by Appenzeller et al. [1996]. Therefore, we
expect the variability in the phase of the tropopause flux
seasonal cycle to be small, similar to the phase variability
of the 380K flux.
[37] The mass flux and ozone flux across the 380K

surface are nearly in phase. However, as Olsen et al.
[2004] demonstrated for the tropopause, we show that there
is not a direct or simple proportional relationship between
the mass flux and ozone flux at the 380K surface. This
emphasizes that the magnitude of ozone STE and the
amount of ozone in the lower stratosphere are not due
solely to the strength of the downwelling Brewer-Dobson
circulation. Quasihorizontal transport from lower latitudes
into the extratropics brings air with lower concentrations
of ozone into the lower stratosphere. Olsen et al. [2010]
show that the net meridional transport in the lower
stratosphere can vary greatly from year to year. It is reason-
able to expect that differences in the net quasihorizontal
transport above the 380K surface will contribute to the
variability in the downward flux of ozone across the
surface. In addition, the present work shows that spatial
distributions of ozone at 380K are not indicative of the
net mass flux on this surface. During the short time period
of this study, there were distinct, preferred patterns for both
of these quantities. Deviations from these patterns and
changes to the alignment of these fields with respect to each
other can be a significant source of the ozone flux variabil-
ity on seasonal time scales. These results are important to
the interpretation of simulations from models that use a
simplified stratospheric ozone scheme, such as tropospheric
models that relax stratospheric ozone to climatology.

Table 1. Six-Year Mean NH Extratropical 380K Ozone Flux

Fields Used

February Mean
Ozone Flux
(Tg day�1)

August Mean
Ozone Flux
(Tg day�1)

Annual Mean
Ozone Flux (Tg)

3-D, daily mean 1.30 0.359 275
3-D, monthly mean 1.35 0.356 281
Zonal, daily mean 1.37 0.354 281
Zonal, monthly mean 1.38 0.355 282
Linear interpolated O3 1.29 0.360 273
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Although the mass flux variability may be well reproduced,
the ozone flux variability will be underrepresented.
[38] Climate models predict an increase in the Brewer-

Dobson circulation throughout the next century with the
multimodel mean rate of about 2% per decade [Butchart
et al., 2006]. Hegglin and Shepherd [2009] show an increase
of the ozone STE in a chemistry climate model simulation
between 2000 and 2035 of about 3.1% per decade and
2.0% per decade in the NH and SH, respectively. Their
simulated global extratropical trend is about 2.6% per
decade. These increases are due to both climate change
and ozone recovery during this period.
[39] If the variability of the ozone flux for the 6 years

examined here is representative of the longer term climatol-
ogy, multidecadal observations will be needed to detect a
significant increasing trend using the flux diagnostic of
this study. We use the statistical model described by
Weatherhead et al. [1998] to determine the number of years
required to have a 90% probability of detecting a trend at the
95% confidence level, assuming that comparable ozone
observations continue. The standard deviation and autocor-
relation of the detrended and deseasonalized monthly mean
ozone flux time series of this study are used, and we assume
the simulated trends from 2000 to 2035 found by Hegglin
and Shepherd [2009]. Table 2 shows the best estimates
for the number of years required to detect the hemi-
spheric and global trends and the associated ranges of
uncertainty. Identifying trends in the NH and SH flux
would require nearly the same number of years. The SH
has less variability than the NH, but the assumed trend
is also smaller in the SH. Using the estimate of global
extratropical flux slightly reduces the estimated years
required because the variance of the global time series
is slightly less than that of either hemisphere alone. How-
ever, the considerable overlap of the large ranges of
uncertainty shows that this difference is not significant.
The large ranges of uncertainty are due to large autocor-
relations of the monthly time series.
[40] Finally, the use of temporally or spatially averaged

fields within this diagnostic framework introduces a small
bias in the estimated ozone flux resulting from the asymme-
try of the ozone distribution and mass flux fields. The esti-
mated fluxes are about 6% greater using both monthly and
zonally averaged fields compared with the flux calculation
using daily latitude� longitude fields during months of
greatest flux. This high bias is reduced to about 2% over
annual time scales. The magnitude of the seasonal cycle of
ozone flux is also slightly exaggerated because of the
seasonal dependence of the bias. The zonal monthly mean
fields likely are adequate to use in long-time-scale studies,

such as trend analysis. The use of nonaveraged fields to
calculate the flux is appropriate over shorter time scales or
when the best estimate is necessary. In addition, this assess-
ment provides context for comparing estimates made using
different average fields.
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